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Description 
TECHNICAL FIELD 

5 [0001] The present invention relates to biodegradable porous polymer scaffolds useful for tissue engineering and 
tissue guided regeneration. In particular, the present invention relates to biodegradable porous polymer scaffolds with 
a bimodal distribution of open pore sizes providing a high degree of interconnectivity, high internal surface area, and 
linearly aligned pores along the walls of the larger pores. The present invention further relates to methods for preparing 
the scaffolds to obtain the orderly bimodal pore distribution. 

10 

BACKGROUND ART 

[0002] Synthetic degradable polymer scaffolds have been proposed as a new means of tissue reconstruction and 
repair. The scaffold serves as both physical support and adhesive substrate for isolated cells during in vitro culturing 
*5 and subsequent in vivo implantation. Scaffolds are utilized to deliver cells to desired sites in the body, to define a 
potential space for engineered tissue, and to guide the process of tissue development. Cell transplantation on scaffolds 
has been explored for the regeneration of skin, nerve, liver, pancreas, cartilage and bone tissue using various biological 
and synthetic materials. 

[0003] In an alternate approach, degradable polymeric scaffolds are implanted directly into a patient without prior 
20 culturing of cells in vitro. In this case, the initially cell-free scaffold needs to be designed in such a way that cells from 
the surrounding living tissue can attach to the scaffold and migrate into it, forming functional tissue within the interior 
of the scaffold. 

[0004] A variety of synthetic biodegradable polymers can be utilized to fabricate tissue engineering scaffolds. Poly 
(glycolic acid) (PGA), poly(lactic acid) (PLA) and their copolymers are the most commonly used synthetic polymers in 

25 tissue engineering. However, in principle, any biodegradable polymer that produces non-toxic degradation products 
can be used. The potential utility of a polymer as a tissue engineering substrate is primarily dependent upon whether 
it can be readily fabricated into a three-dimensional scaffold. Therefore, the development of processing techniques to 
prepare porous scaffolds with highly interconnected pore networks has become an important area of research. 
[0005] Solvent casting is one of the most widely used processes for fabricating scaffolds of degradable polymers 

30 (see Mikos etal., Polymer, 35, 1068-77, (1994); de Groot et al., Colloid Polym. ScL, 268, 1073-81 (1991); Laurencin 
et al., J. Biomed. Mater. Res., 30, 133-8 (1996)). U.S. Patent No. 5,514,378 discloses the basic procedure in which a 
polymer solution is poured over a bed of salt crystals. The salt crystals are subsequently dissolved away by water in 
a leaching process. De Groot et al. disclose a modified leaching technique in which the addition of a co-solvent induces 
a phase separation of the system upon cooling through liquid-liquid demixing. While this separation mechanism leads 

35 to the formation of round pores embedded within the polymer matrix, most of the pores are of insufficient size to form 
a highly interconnected network between the larger pores formed by leaching. 

[0006] The existing processing methods produce poor scaffolds with a low interconnectivity, especially when a basic 
leaching method, such as the method disclosed in U.S. Patent No. 5,514,378, is used. Particles, when dispersed in a 
polymer solution, are totally covered by the solution, limiting the interconnectivity of the pores within the scaffolds. 

40 [0007] U.S. Patent No. 5,686,091 discloses a method in which biodegradable porous polymer scaffolds are prepared 
by molding a solvent solution of the polymer under conditions permitting spinodal decomposition, followed by quenching 
of the polymer solution in the mold and sublimation of the solvent from the solution. A uniform pore distribution is 
disclosed. A biomodal pore distribution would increase the degree of pore interconnectivity by creating additional chan- 
nels between the pores, thereby increasing total porosity and surface area. 

45 [0008] U.S. Patent No. 5,723,508 discloses a method in which biodegradable porous polymer scaffolds are prepared 
by forming an emulsion of the polymer, a first solvent in which the polymer is soluble, and a second polymer that is 
immiscible with the first solvent, and then freeze-drying the emulsion under conditions that do not break the emulsion 
or throw the polymer out of solution. This process, however, also produces a more uniform pore size distribution, with 
the majority of the pores ranging from 9 to 35 microns in diameter. 

so [0009] There remains a need for biodegradable porous polymer scaffolds for tissue engineering having a bimodal 
pore size distribution providing a highly interconnected pore network, as well as methods by which such scaffolds may 
be made. Based on a more advanced scientific rationale, polymeric scaffolds with a bimodal pore size distribution may 
have significant advantages. Pores in the size range of 50 to 500 micron diameter provide sufficiently open space for 
the formation of functional tissue within the scaffold while the presence of a large number of smaller pores forming 

55 channels between the larger pores would increase cell-cell contact, diffusion of nutrients and oxygen to the cells, 
removal of metabolic waste away from the cells, and surface patterning to guide the cells. This new design concept 
for degradable polymeric scaffolds requires the presence of a bimodal pore size distribution with larger pores of 50 to 
500 micron diameter and smaller pores creating channels between the larger pores. 
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SUMMARY OF THE INVENTION 

[0010] This need is met by the present invention. A process is provided that allows fabrication of polymer scaffolds 
with novel architectures for tissue engineering through a combination of phase separation and leaching techniques. 

5 [0011] According to one aspect of the present invention, a biodegradable and biocompatible porous scaffold is pro- 
vided having a substantially continuous polymer phase with a highly interconnected bimodal distribution of rounded 
large and small open pore sizes, in which the large pores have a diameter between about 50 and about 500 microns, 
and the small pores have a diameter less than 20 microns, wherein the small pores are aligned in an orderly linear 
fashion within the walls of the large pores. The pore interconnectivity is greatly enhanced by the presence of the small 

10 pores, which form channels between the large pores. This results in a porosity greater than about 90% and a high 
specific pore surface area in excess of 10 m 2 /g. 

[0012] The network of small pores is created in the walls of the large pores, and is unexpectedly well oriented in a 
linear array. This provides surface patterning for guiding cell growth throughout the scaffold. This specific architecture 
also provides a large surface area and internal volume that is ideal for cell seeding, cell growth and the production of 
15 extracellular matrices. Furthermore, the high interconnectivity of the pores allows for distribution of pores throughout 
the scaffold, transmission of cell-cell signaling molecules across the scaffolds, diffusion of nutrients throughout the 
structure, and the patterning of the surface to guide cell growth. Pore diameter and interconnecting structure are es- 
sential to vascularization and tissue ingrowth. 

[0013] The open porosity of the three-dimensional structure maximizes diffusion and permits vascular ingrowth into 
20 the implanted scaffold. Ideally, the polymer is completely resorbed over time, leaving only the newly-formed tissue. 
[0014] The polymer scaffolds of the present invention are prepared from homogenous solutions of biodegradable 
polymers in a mixture of a first solvent in which the polymer is soluble, and a second solvent in which the polymer is 
insoluble, but which is miscible with the first solvent. The homogenous solutions are cast on water-soluble particles 
that are between about 50 and about 500 microns in diameter, and then phase separated by quenching at a low 
25 temperature and freeze-drying, followed by leaching. The bimodal distribution of pore diameters results from the larger 
pores being created by leaching and the smaller pores being created by crystallization upon phase separation of the 
solvent in which the polymer is soluble. 

[0015] Therefore, according to another aspect of the present invention, a method is provided for the preparation of 
biodegradable and biocompatible porous polymer scaffolds in which a biocompatible polymer is dissolved in a miscible 

30 solvent mixture of a first solvent in which the polymer is soluble and a second solvent in which the polymer is insoluble, 
wherein the ratio of first solvent to second solvent is in a range within which the polymer dissolves to form a homogenous 
solution, and the first solvent has a melting point between about -40 and about 20°C. The homogenous solution is then 
placed into a form containing water-soluble non-toxic particles that are insoluble in organic solvents and have a diameter 
between about 50 and about 500 microns. The solution is then quenched at a rate effective to result in crystallization 

35 of the first solvent before the onset of liquid-liquid demixing of the polymer solution. The solvents are then sublimated 
from the polymer phase, after which the particles are removed by leaching with a solvent in which the particles are 
soluble and the polymer is insoluble. 

[0016] It is believed that the linear micro-structure results from crystallization of the first solvent in the presence of 
the second solvent at the surface of the particles. This results in highly porous scaffold foams having a large surface 
40 area and large internal volume. 

[001 7] The foregoing and other objects, features and advantages of the present invention are more readily apparent 
from the detailed description of the preferred embodiments set forth below, taken in conjunction with the accompanying 
drawing. 

45 BRIEF DESCRIPTION OF THE DRAWING 
[0018] 

FIG. 1 is a SEM micrograph of a foam prepared by the method of the present invention. 

50 

BEST MODE OF CARRYING OUT THE INVENTION 

[0019] The invention employs thermally induced phase separation to fabricate highly porous biodegradable scaffolds 
with optimized properties for tissue engineering. Depending upon the thermodynamics, the kinetics and the rate of 
55 cooling, phase separation will occur either by solvent crystallization or liquid-liquid demixing. This invention employs 
solvents and processing conditions under which solvent crystallization predominates as the phase separation mech- 
anism to obtain a porous polymer scaffold with a bimodal pore diameter distribution providing a high degree of pore 
interconnectivity and a highly linearly ordered architecture of small pores within the walls of the larger pores. 
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[0020] For solvent crystallization to occur before liquid-liquid demixing the selection of solvents and processing con- 
ditions are critical. A mixture of two solvents is employed, one in which the polymer is soluble (referred to here for 
purposes of clarity as "first solvent"), and one in which the polymer is insoluble (referred to here for purposes of clarity 
as the "second solvent"). The first and second solvents must be miscible, and must form mixtures in which the polymer 
5 is soluble, despite its insolubility in the second solvent. Quantities of polymer, first solvent and second solvent are 
selected to provide a uniform, homogenous solution. 

[0021] The first solvent should have a melting point between about -40 and about 20°C. Within this range, at a high 
rate of cooling, crystallization is the favored phase separation mechanism. A melting point between about -20 and 
about +20°C is preferred. A solvent that ideally fits these requirements is 1 ,4-dioxane. It has a melting point of 12°C 

10 and a low crystallization energy. 

[0022] While not being bound by any particular theory, it is believed that the crystallization is initiated by the second 
solvent, which is believed to be acting as a nucleating agent. Solvents in which the polymer is insoluble that are suitable 
for use as the second solvent include water and alcohols such as, but not limited to, methanol, ethanol, isopropanol, 
tert-butanol and 1 ,3-propanediol. It is critical that the polymer be soluble in the solvent mixture. 

is [0023] The most preferred pair of first and second solvents consists of 1 ,4-dioxane and water. When the cooling rate 
is high, it is believed that the crystallization of 1 ,4-dioxane is favored. In addition, it is believed that the 1 ,4-dioxane 
crystallization is initiated by water, which is believed to be acting as a nucleating agent for the crystallization. 
[0024] Polymers used for tissue engineering scaffolds must be biocompatible and biodegradable in addition to acting 
as adhesive substrates for cells, promoting cell growth and allowing retention of differentiated cell function. Such ma- 

20 terials must also possess physical characteristics allowing for large surface to volume ratios, mechanical strength and 
easy processing into complex shapes, such as for bone substitutes. The resulting polymeric device should also be 
rigid enough to maintain the desired shape under in vivo conditions. 

[0025] Polymers that are suitable for use in the present invention are substantially biodegradable, non-toxic and 
physiologically compatible. The polymer must be selected for biocompatibility at the time of implant, and the products 

25 of its degradation process must also be biocompatible. Additional parameters that play an important role include the 
mechanical properties of the material, especially its mechanical rigidity. Relatively high rigidity is advantageous so that 
the scaffold can withstand the contractile forces exerted by cells growing within the scaffold. Also important are the 
thermal properties, especially the glass transition temperature, T g , which must be high enough so that the network of 
pores in the scaffold does not collapse upon solvent removal. It is also important that the biodegradation kinetics of 

30 the polymer match the rate of the healing process. 

[0026] Examples of suitable polymers include a-hydroxycarboxylic acids and copolymers thereof, including PGA, 
PLA and copolymers thereof; the polyethylene oxide/polyethylene terephthalate disclosed by Reed et al., Trans. Am. 
Soc. Artif. intern. Organs, page 109 (1977); and the copolymers of lactic or glycolic acid or combinations of the two 
with hydroxy-ended flexible chains, preferably poly(alkylene glycols) of various molecular weights, disclosed by U.S. 

35 Patent No. 4,826,945. Other suitable polymers include biodegradable and biocompatible polycapro lactones, polyhy- 
droxybutyrates and copolymers of polyesters, polycarbonates, polyan hydrides and poly(ortho esters). 
[0027] Bisphenol-A based polyphosphoesters have also been suggested for use in biodegradable scaffold design. 
Such polymers include poly(bisphenol-A phenylphosphate), poly(bisphenol-A ethylphosphate), poly(bisphenol-A ethyl- 
phosphonate), poly(bisphenol-A phenylphosphonate), poly[bis(2-ethoxy)hydrophosphonic terephthalate], and copoly- 

40 mers of bisphenol-A based poly(phosphoesters). Although these polymers have been suggested in U.S. Patent No. 
5,686,091 , the known cytotoxicity of bisphenol-A make them less preferred candidates for implantation. On the other 
hand, another useful polymer system is the copolymers of polyethylene oxide/polyethylene terephthalate. 
[0028] Particularly preferred polymers for the practice of the invention are polymers of tyros ine-derived diphenol 
compounds. Methods for preparing the tyrosine-derived diphenol monomers are disclosed in U.S. Patent Nos. 
5,587,507 and 5,670,602. The preferred diphenol monomers are des-aminotyrosyl-tyrosine (DT) esters. These mon- 
omers have a free carboxylic acid group that can be used to attach a pendent chain. Usually, various alkyl ester pendent 
chains are employed. For purposes of the present invention, the ethyl ester is referred to as DTE, the butyl ester as 
DTB, the hexyl ester as DTH, the octyl ester as DTO, the benzyl ester as DTBn, and so forth. 
[0029] The tyrosine-derived diphenol compounds are used as monomeric starting materials for polycarbonates, poly- 

50 iminocarbonates, polyarylates, polyurethanes, polyethers, and the like. Polycarbonates, polyiminocarbonates and 
methods of preparation are disclosed by U.S. Patent Nos. 5,099,060 and 5,198,507. Polyarylates and methods of 
preparation are disclosed by U.S. Patent No. 5,216,115. Block copolymers of polycarbonates and polyarylates with 
poly(alkylene oxides) and methods of preparation are disclosed by U.S. Patent No. 5,658,995. Strictly alternating poly 
(alkylene oxide ether) copolymers and methods of preparation are disclosed by International Application No. PCT/ 

55 US98/23737 filed November 6, 1 998. 

[0030] Other particularly preferred polymers include the polycarbonates, polyiminocarbonates, polyarylates, poly- 
urethanes, strictly alternating pofy(alkylene oxide ethers) and poly(alkylene oxide) block copolymers polymerized from 
di hydroxy monomers prepared from a-, p- and y-hydroxy acids and derivatives of tyrosine. The preparation of the 
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dihydroxy monomers and methods of polymerization are disclosed by International Patent Application No. PCT/ 
US98/036013. 

[0031] Polycarbonates, polyimino carbonates, polyarylates, poly{alkylene oxide) block copolymers and polyethers 
of the diphenol and dihydroxy tyrosine monomers that contain iodine atoms or that contain free carboxylic acid pendent 

5 chains may also be employed. Iodine-containing polymers are radio-opaque. These polymers and methods of prepa- 
ration are disclosed by International Patent Application No. PCT/US98/23777 filed November 6, 1998. Polymers con- 
taining free carboxylic acid pendent chains and methods of preparation are disclosed by U.S. Patent No. 6,120,491 . 
[0032] In the method for making the biodegradable scaffolds for tissue engineering, the polymer is first dissolved in 
the mixture of miscible solvents. The amount of the second solvent should be that quantity effective to induce phase 

10 separation on cooling, but less than the amount effective to induce phase separation before starting the procedure. 
The volume ratio of the first solvent to the total volume of solvent, is preferably between about 1 to about 40% v/v, and 
more preferably between about 5 to about 1 5% v/v. 

[0033] The polymer concentration in the solvent mixture is preferably between about 0.5 and about 25 weight%, and 
more preferably between about 10 and about 20 weight%. The concentration of polymer in the solvent should be 

w selected to ensure adequate diffusion of the polymer solution through the particles for the formation of the large pores. 
[0034] The particles are essentially any non-toxic biocompatible crystalline substance that is readily water-soluble 
and insoluble in organic solvents. Examples of suitable particles include biologically acceptable alkali metal and alkaline 
earth metal halides, phosphates, sulfates, and the like. Crystals of sugars may also be used, as well as microspheres 
of water-solublepotymers, or proteins, such as albumin. Sodium chloride is a particularly preferred particle. Particles 

20 should be selected having the diameter that is desired for the large pores of the bimodal distribution of pore sizes. 
Particles having a particle size diameter between about 50 and about 500 microns are preferred, and diameters between 
about 200 and about 400 microns are more preferred. 

[0035] The solution of polymer and solvent is poured on particles sieved to the desired diameter between about 50 
and about 500 microns. The particles are in an appropriate mold, such as a dish. 
25 [0036] After the diffusion of the polymer solution through the particles, the contents of the dish is rapidly cooled at a 
rate effective to induce crystallization of the first solvent before the onset of liquid-liquid demixing of the polymer solution. 
For example, the dish can be dropped in liquid nitrogen or an equivalent cryogenic liquid and maintained in the liquid 
nitrogen for a rapid and complete quenching of the system. 

[0037] The dish is then placed in a vessel connected to a vacuum pump for the time needed for complete sublimation 

30 of the solvents. This step allows the removal of the solvent by sublimation from the frozen materials so that it leaves 
a porous structure. The system is still frozen and the polymer does not relax during solvent removal. 
[0038] Finally, the particles are leached with a solvent in which they are soluble, and in which the polymer is soluble, 
for example, the second solvent, or, more preferably, water, regardless of whether or not it is employed as the second 
solvent. The leaching solvent is changed several times to ensure complete removal of the particles. The resulting 

35 scaffolds are removed from the leaching solvent and dried to constant weight. 

[0039] The method provides a bimodal distribution of large and small pore sizes. The large pores are the impressions 
of the particles on the which the polymer solution is cast. As noted above, the large pores have an average pore 
diameter between about 50 and about 500 microns. The small pores are formed when the polymer solution undergoes 
phase separation under cooling and have an average diameter less than about 20 microns. Preferred methods ac- 

40 cording to the present invention provide the small pores having an average diameter less than about 1 0 microns. The 
shape of the larger pores can be smoothed by the addition of water to the polymer solution if water is the non-solvent. 
[0040] The porosity of the resulting scaffolds is greater than about 90%. Preferred methods of the present invention 
provide scaffold foams having a porosity greater than about 95%. The scaffolds have a specific pore surface area in 
excess of 1 0 m 2 /g, and preferred methods result In the formation of specific pore surface areas in excess of 20 m 2 /g. 

45 [0041] Scaffolds can also be further modified after fabrication. For example, the scaffolds can be coated with bioactive 
substances that function as receptors or chemoattractors for a desired population of cells. The coating can be applied 
through absorption or chemical bonding. 

[0042] Particularly preferred scaffolds incorporate additives for subsequent release in a controlled fashion. The ad- 
ditive may be released by a bioerosion of the polymer phase, or by diffusion from the polymer phase. Alternatively, the 
50 additive may migrate to the polymer surface of the scaffold structure, where it is active. 

[0043] The polymer and the first and second solvents may be pre-blended before the additive is dissolved therein. 
Alternatively, the additive may be dissolved in the solvent in which it is most soluble, after which the first and second 
solvents and polymer are combined. 

[0044] The additive may be provided in a physiologically acceptable carrier, excipient, stabilizer, etc., and may be 
55 provided in sustained release or timed release formulations. The additives may also incorporate agents to facilitate 
their delivery, such as antibodies, antibody fragments, growth factors, hormones, or other targeting moieties, to which 
the additives are coupled. 

[0045] Acceptable pharmaceutical carriers for therapeutic use are well known in the pharmaceutical field, and are 
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described, for example, in Remington's Pharmaceutical Science, Mac Publishing Co., (A.R. Gennaro edt. 1985). Such 
materials are non-toxic to recipients at the dosages and concentrations employed, and include diluents, solubilizers, 
lubricants, suspending agents, encapsulating materials, solvents, thickeners, dispersants, buffers such as phosphate, 
citrate, acetate and other organic acid salts, anti-oxidants such as ascorbic acid, preservatives, low molecular weight 

5 (less than about 1 0 residues) peptides such as polyarginine, proteins such as serum albumin, gelatin or immunoglob- 
ulins, hydrophilic polymers such as poly(vinylpyrrolindinone), amino acids such as glycine, glutamic acid, aspartic acid 
or arginine, monosaccharides, disaccharides, and other carbohydrates including cellulose or Its derivatives, glucose, 
mannose or dextrines, chelating agents such as EDTA, sugar alcohols such as mannitol or sorbitol, counter-ions such 
as sodium and/or non-ionic surfactants such as tween, pluronics or PEG. 

10 [0046] The additive may be covalently attached to polymers having pendent free carboxylic acid groups. Detailed 
chemical procedures for the attachment of various moieties to polymer bound free carboxylic acid groups have been 
described in the literature. See, for example, U.S. Patent Nos. 5,219,564 and 5,660,822; Nathan era/., Bio. Cong. 
Chem., 4, 54-62 (1992) and Nathan, Macromolecules, 25, 4476 (1992). These publications disclose procedures by 
which polymers having pendentfree carboxylic acid groups are reacted with moieties having reactive functional groups, 

15 or that are derivatized to contain active functional groups, to form a polymer conjugate. 

[0047] Hydrolytically stable conjugates are utilized when the additive is active in conjugated form. Hydrolyzable con- 
jugates are utilized when the additive is inactive in conjugated form. 

[0048] An amount of additive is incorporated into the porous polymer scaffold that will provide optimal efficacy to the 
subject in need of treatment, typically a mammal. The dose and method of administration will vary from subject to 

20 subject and be dependent upon such factors as the type of mammal being treated, its sex, weight, diet, concurrent 
medication, overall clinical condition, the particular compounds employed, the specific use for which these compounds 
are employed and other factors which those skilled in the art will recognize. The porous polymer scaffolds can be 
utilized in vivo as tissue engineering and tissue guided regeneration scaffold in mammals such as primates, including 
humans, sheep, horses, cattle, pigs, dogs, cats, rats and mice, or in vitro. The polymer-drug combinations of this 

25 invention may be prepared for storage under conditions suitable for the preservation of drug activity as well as main- 
taining the integrity of the polymers, and are typically suitable for storage at ambient or refrigerated temperatures. The 
porous polymer scaffolds to be used for tissue engineering and tissue guided regeneration must also be sterile. Sterility 
may be readily accomplished by conventional methods such as irradiation or treatment with gases or heat. 
[0049] Additives suitable for use with the present invention include biologically or pharmaceutical ly active com- 

30 pounds. Examples of biologically active compounds include cell attachment mediators, such as the peptide containing 
variations of the "RGD" integrin binding sequence known to affect cellular attachment, biologically active ligands, and 
substances that enhance or exclude particular varieties of cellular or tissue ingrowth. Such substances include, for 
example, osteoinductive substances, such as bone morphogenic proteins (BMP), epidermal growth factor (EGF), fi- 
broblast growth factor (FGF), platelet-derived growth factor (PDGF), insulin-like growth factor (IGF-I and II), TGF-0 

35 and the like. 

[0050] Examples of pharmaceutically active compounds include, for example, acyclovir, cephradine, malfalen, pro- 
caine, ephedrine, adriomycin, daunomycin, plumbagin, atropine, quanine, digoxin, qutnidine, biologically active pep- 
tides, chlorin e 6 , cephalothin, proline and proline analogues such as cis-hydroxy-L-proline, penicillin V, aspirin, ibupro- 
fen, steroids, nicotinic acid, chemodeoxycholic acid, chlorambucil, and the like. Therapeutically effective dosages may 
40 be determined by either in vitro or in vivo methods. For each particular additive, individual determinations may be made 
to determine the optimal dosage required. The determination of effective dosage levels, that is, the dosage levels 
necessary to achieve the desired result, will be within the ambit of one skilled in the art. The release rate of the additives 
may also be varied within the routine skill in the art to determine an advantageous profile, depending on the therapeutic 
conditions to be treated. 

45 [0051] A typical additive dosage might range from about 0.001 mg/kg to about 1000 mg/kg, preferably from about 
0.01 mg/kg to about 100 mg/kg, and more preferably from about 0.10 mg/kg to about 20 mg/kg. The additives may be 
used alone or in combination with other therapeutic or diagnostic agents. 

[0052] The porous polymer scaffolds of the present invention are characterized by scanning electron microscopy 
(SEM) and mercury porosimetry. Specific examples are provided below. 
so [0053] The porous polymer scaffolds are shaped into articles for tissue engineering and tissue guided regeneration 
applications, including reconstructive surgery. The structure of the scaffold allows generous cellular ingrowth, elimi- 
nating the need for cellular preseeding. The porous polymer scaffolds may also be molded to form external scaffolding 
for the support of in vitro culturing of cells for the creation of external support organs. 

[0054] The scaffold functions to mimic the extracellular matrices (ECM) of the body. The scaffold serves as both a 
55 physical support and an adhesive substrate for isolated cells during in vitro culture and subsequent implantation. As 
the transplanted cell populations grow and the cells function normally, they begin to secrete their own ECM support. 
The scaffold polymer is selected to degrade as the need for an artificial support diminishes. 

[0055] In the reconstruction of structural tissues like cartilage and bone, tissue shape is integral to function, requiring 
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the molding of the porous polymer scaffold into articles of varying thickness and shape. Any crevices, apertures or 
refinements desired in the three-dimensional structure can be created by removing portions of the matrix with scissors, 
a scalpel, a laser beam or any other cutting instrument. Scaffold applications include the regeneration of tissues such 
as nervous, musculoskeletal, cartilaginous, tendenous, hepatic, pancreatic, ocular, integumenary, arteriovenous, uri- 
nary or any other tissue forming solid or hollow organs. 

[0056] The scaffold may also be used in transplantation as a matrix for dissociated cells such as chondrocytes or 
hepatocytes to create a three-dimensional tissue or organ. Any type of cell can be added to the scaffold for culturing 
and possible implantation, including cells of the muscular and skeletal systems, such as chondrocytes, fibroblasts, 
muscle cells and osteocytes, parenchymal cells such as hepatocytes, pancreatic cells (including Islet cells), cells of 
intestinal origin, and other cells such as nerve cells and skin cells, either as obtained from donors, from established 
cell culture lines, or even before or after genetic engineering and stem cells other than human embryonic stem cells. 
Pieces of tissue can also be used, which may provide a number of different cell types in the same structure. 
[0057] The cells are obtained from a suitable donor, or the patient into which they are to be implanted, dissociated 
using standard techniques and seeded orito and into the foam scaffold. In vitro culturing optionally may be performed 
prior to implantation. Alternatively, the foam scaffold is implanted, allowed to vascularize, then cells are injected into 
the scaffold. Methods and reagents for culturing cells in vitro and implantation of a tissue scaffold are known to those 
skilled in the art. 
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INDUSTRIAL APPLICABILITY 

[0058] The porous polymer scaffolds of the present invention may be fabricated into useful articles for tissue engi- 
neering and tissue guided regeneration applications, including reconstructive surgery. The scaffolds may also be mold- 
ed to form external scaffolding for the support of in vitro culturing of cells for the creation of external support organs. 
The scaffolds may also be used in transplantation as a matrix for dissociated cells. 

[0059] The following non-limiting examples set forth hereinbelow illustrate certain aspects of the invention. All parts 
and percentages are by weight unless otherwise noted and all temperatures are in degrees Celsius. 



EXAMPLES 

30 EXAMPLES 1-6: Preparation of scaffolds from different polymers 

[0060] Porous scaffolds were prepared from the polymers listed in Table 1 : 



TABLE 1: 



35 



40 





Mw (daltons) 


Polymer concentration g/1 


Poly(DTE carbonate) 


206,000 


60.6 


Poly(DTE carbonate) 


89,000 


92.7 


Poly(DTE co 30% DT carbonate) 


96,000 


87.6 


Poly( DTE co 5%PEG 1K carbonate) 


88,000 


74.5 


Poly(DTB succinate) 


108,000 


90.7 


Poly(L-lactic acid) 


93,000 


91.5 



45 



EXAMPLE 1 : Preparation of poly(DTE c) scaffolds 



Materials: 



50 



[0061] Poly(DTE carbonate) (Mw= 206,000) was prepared using the method disclosed by U.S. Patent No. 5,099,060. 
1 ,4-dioxane (certified ACS grade) and sodium chloride (NaCI) crystal were purchased from Fisher Scientific (Pittsburgh, 
PA). The crystals were sieved with USA standard testing sieves (ASTM-E11 , Tyler, Mentor, OH) with opening of 212 
u/n (n ( 70) and 425 u.m (nj40). The mercury used in the porosimetry study was triple distilled (Bethlehem Apparatus, 
Hellertown, PA). 



55 



Scaffold fabrication: 

[0062] The scaffold was prepared by the following processing method: 

[0063] 0.2 g of Poly(DTE carbonate) was dissolved in the mixture of 3 ml 1 ,4-dioxane and 0.3 ml water under magnetic 
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stirring at room temperature. After dissolution of the polymer, the clear solution was poured on 7 grams of sieved 
sodium chloride salts (average size: ~200 jim - ^400 urn) in an appropriate dish. 

[0064] After the diffusion of the polymer solution through the salt bed the dish was submerged in liquid nitrogen and 
maintained for a complete freezing of the system. The dish was then placed in a vessel connected to a vacuum pump 
5 for the time needed for complete sublimation of the solvent, leaving a porous structure. The polymer did not relax 
during solvent removal. 

[0065] Finally, the salt was leached out in water. The water was changed several times until the sensitive silver nitrate 
test did not show any additional release of chloride ions into the water. The resulting scaffolds were removed from the 
water and dried for several days to constant weight. 

10 

SEM Scanning Electron Microscopy: 

[0066] SEM was performed to assess the morphology of the scaffolds. Samples were prepared for SEM by cryof- 
racture of the scaffolds in liquid nitrogen (-196jC). The cryofracture was done on wet samples. The scaffolds were 
15 submitted to a series of pressurization-depressurization to ensure the filling of the pores with water. When no more 
bubbles were coming out of the scaffolds and the samples sank to the bottom of the vial, they were submerged in liquid 
nitrogen. 

[0067] Then samples were thoroughly dried under vacuum, mounted on metal stubs using adhesive tabs. They were 
coated with silver using a Balzers SCD004 sputter coater (BAL-TEC). The gas pressure was set at 3-5.1 0" 2 mbar and 
20 the current was 30 mA for a coating time of 120 s. An Hitachi S450 SEM at 15 kV was used for examination. 

Image analysis: 

[0068] The size of the pores of the digital images obtained with the SEM was analyzed with the use of NIH Image 
25 1 ,6 software. Pore area, perimeter, major and minor axis of the ellipse were the image parameters evaluated. Adjust- 
ment of the digital images was necessary prior to pore assessment. To ensure equivalent adjustment for all the images, 
a Pascal macro was written in accordance with the image scale used for the pore size examined. 
[0069] The numbered pores were compared with the actual digital image to confirm pore location. Certain pore 
numbers which were not properly represented were excluded from the statistical data analysis. For each scaffold, 3 
30 different digital images at 2 different magnifications (low magnification (scale bar of 200 urn) and high magnification 
(scale bar of 10 |xm)), were analyzed (n=3). 

Mercury porosimetry: 

35 [0070] The dried scaffolds were very soft and could be easily deformed because of the high total porosity and the 
low polymer modulus. Moreover the largest pores which were expected to have a mean diameter around 300 ujn (final 
imprints of the salt), would have been underestimated by this technique. For these reasons, the scaffolds were analyzed 
as the salt was still inside the polymer matrix. 

[0071] The pore volume and the pore size distribution were determined by recording mercury intrusion volume into 
40 the scaffolds at different pressures with a model 9540 Mercury Porosimeter (Micromeritics, Norcross, GA). The filling 
pressure was recorded up to 3,000 psia. This pressure corresponds to the energy required to intrude mercury into 
pores of 0.06 urn or larger. The pore diameter and porosity values refer to equivalent cylindrical pores with a diameter 
smaller than 310 u.m. 

[0072] These values were determined from the Washburn equation: 

45 

D=-(1/P)4ycosf 



wherein D is the pore diameter in microns; P is the applied pressure (psia); y is the surface tension between mercury 
50 and the scaffold surface (dynes/cm); and $ is the contact angle (degrees). 

[0073] The values recommended for the surface tension and the contact angles are: 

g = 485 dynes/cm 
<(> = 130° 



55 



[0074] Results are presented as a curve of the incremental mercury intrusion (ml/g) in function of the calculated 
mean pore diameter. For each scaffold, samples were run in triplicate (n=3). 
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Discussion of the Results: 
[0075] 




Table II: Results from SEM image analysis for a poly(DTE carbonate) scaffold. 





Area (urn 2 ) 


Perimeter (nm) 


Max axis (urn) 


Min axis (|im) 


scale: 10um 










average 


47 


30 


9 


5 


stdev 


14 


5 


2 


0 


scale:200nm 










average 


49,554 


1077 


300 


191 


stdev i 


7,279 


54 


21 


20 



20 [0076] The poly (DTE carbonate) scaffold is characterized by a bimodal distribution of open pore sizes resulting from 
different processes (Figure 1). The largest pores, with an average pore diameter between 200 u>m and 400 u,m, are 
the impressions of the salts on which the solution is cast. The smallest pores with an average size lower than 20 ujti 
are formed when the polymer solution undergoes phase separation under cooling. The smallest pores appear on the 
walls of the largest pores and in the polymer phase between the largest pores. 

25 [0077] The network of pores is highly interconnected. An interesting observation from the mercury porosimetry, is 
that by their own, the smallest pores are highly connected together. Even if the largest pores are filled with the NaCI 
salts for measurements, it appears it is possible to reach most of the smallest pores when higher pressures are applied. 
Moreover, the interconnectivity between the largest pores is enhanced by the presence of the smallest pores which 
form channels between the largest pores. The porosity of the resulting scaffolds is greater than 90 %. The network of 

30 the small pores created in the walls of the largest pores is astonishingly well oriented in a linear array. 

EXAMPLE 2: Preparation of low molecular weight poly(DTE carbonate) scaffolds 

[0078] A scaffold was prepared from a lower molecular weight poly(DTE carbonate), to evaluate its total specific 
35 surface area and to estimate its porosity. 

Materials: 

[0079] The poly(DTE carbonate) (Mw= 89,0000) was prepared as in Example 1 . 

40 

Scaffold fabrication: 

[0080] 0.3 g of the lower molecular weight poly(DTE carbonate) was dissolved in a solution of 1 ,4-dioxane and water 
(91/9 % v/v). The solution was fabricated into a scaffold as in Example 1 . 

45 

BET measurement: total specific surface area measurement: 

[0081] Specific surface area was investigated using the Brunauer-Emmett-Teller (BET) technique utilizing a Quan- 
tasorb (Quantachrome, Boynton Beach, FL). The BET apparatus determines the total specific surface area of the 
so sample by calculating the amount of nitrogen adsorbed on the surface. 

Porosity estimation: 

[0082] For scaffolds with large pore sizes (like as those used in this study) Hg porosimeter underestimates the po- 
55 rosity. A more accurate determination of porosity is possible by measuring the weight, height and diameter of each 
sample. From these measurements, the apparent density of the scaffold (p*) may be calculated and the porosity (e) 
determined by: 
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e = 1 "P^PPDTEC 

where p PDTEC is the polymer density (1 .2778). 

5 

Results: 

[0083] The total pore surface area of the poly(DTE carboante) scaffold was nearly 20 m 2 /g. This value is 1 0 times 
higher than the value (obtained by mercury porosimetry) reported for scaffolds prepared by spraying PLLA solutions 
10 jn naphthalene. This value is in the range of the values (1 6 to 99 m 2 /g) (obtained by mercury porosimetry) reported for 
scaffolds prepared by an emulsion technique from a PLGA solution in methylene chloride but with a mean diameter 
lower than 50 urn The estimated porosity was 97%. 

EXAMPLE 3: Preparation of poly(DTE co 30%DT carbonate) scaffolds 

15 

[0084] In this example, the methodology illustrated in Example 1 is used to prepare scaffolds from a free acid copol- 
ymer: poly(DTE co 30%DT carbonate) 

Materials: 

20 

[0085] Poly(DTE co 30% DT carbonate) (Mw=96 f 0000) was prepared using the method disclosed by U.S. Patent 
No. 6,120,491 , the disclosure of which is hereby incorporated by reference. 

Scaffold fabrication: 

25 

[0086] 0.289 g of poly(DTE co 30%DT carbonate) was dissolved in 1 ,4-dioxane/water (91/9 % v/v). The solution was 
fabricated into a scaffold as in Example 1 . 

SEM, mercury porosimetry and Image analysis: 

30 

[0087] The poly(DTE co 30%DT carbonate) scaffold was compared with the poly(DTE carbonate) scaffolds from 
example 1 . 

Results: 

35 

[0088] From the SEM image analysis and the mercury porosimetry results, it can be concluded that the scaffolds 
prepared from poly(DTE carbonate) and poly(DTE co 30% DT carbonate) present similar pore size distribution. No 
significant difference was observed between the two scaffolds. From the point of view of the techniques used to char- 
acterize the scaffolds, by controlling the viscosity of the polymer solution, it is possible to prepare scaffolds with similar 
*o pore size distribution from poly(DTE carbonate) and poly(DTE co 30%DT carbonate) 

EXAMPLE 4: Preparation of poly(DTE co 5%PEG 1000 carbonate) scaffolds 

[0089] In this example, the methodology illustrated in Example 1 is used to prepare scaffolds from a copolymer of 
45 PEG and poly(DTE carbonate), poly(DTE co 5% PEG1 000 carbonate). 

Materials: 

[0090] Poly(DTE co 5% PEG 1000 carbonate) (Mw= 88,0000) was prepared using the method disclosed by U.S. 
so Patent No. 5,658,995. 

Scaffold fabrication: 

[0091] 0.246 g of poly(DTE co 5%PEG1 000 carbonate) was dissolved in 3.3 ml 1 ,4-di-oxane/water (91/9 % v/v). The 
55 solution was fabricated into a scaffold as in Example 1 . 
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SEM, mercury poroslmetry and image analysis: 

[0092] The poly(DTE co 5%PEG1000 carbonate) scaffold was compared with the poly(DTE carbonate) scaffolds 
from example 1 . 

Results: 

[0093] From the SEM image analysis and the mercury porosimetry results, it can be concluded that the scaffolds 
prepared from poly(DTE carbonate) and poly(DTE co 5% PEG1000 carbonate) present similar pore size distribution. 
No significant difference was observed between the two scaffolds. From the point of view of the techniques used to 
characterize the scaffolds, by controlling the viscosity of the polymer solution, it is possible to prepare scaffolds with 
similar pore size distribution from poly(DTE carbonate) and poly(DTE co 5%PEG1000 carbonate). 

EXAMPLE 5: Preparation of poly(DTB succinate) scaffolds 

[0094] In this example, the methodology illustrated in Example 1 is used to prepare scaffolds from a polyarylate 
instead of a polycarbonate. Poly(DTB succinate) is characterized by a lower Tg (65 °C) as compared with the poly 
(DTE carbonate) (92 °C) of Example 1 . 

Materials: 

[0095] Poly(DTB succinate) (Mw= 1 08,0000) was prepared using the method disclosed by U.S. Patent No. 5,21 6,115. 
Scaffold fabrication: 

[0096] 0.3 g of poly(DTB succinate) was dissolved in 3.3 ml of a solution of 1 ,4-dioxane and water (91/9 % v/v). The 
solution was fabricated into a scaffold as in Example 1 . 

SEM: 

[0097] The poly(DTB succinate) scaffold was compared with the poly(DTE carbonate) scaffold from example 1 . 
Results: 

[0098] From the SEM observation, the poly(DTB succinate) scaffold presents the same morphological characteristics 
as the poly(DTE carbonate) scaffold from example 1 (see results and discussion from example 1). 

EXAMPLE 6: Preparation of poly(L-lactlc acid) (PLLA) scaffolds 

[0099] In this example, the methodology illustrated in Example 1 is used to prepare scaffolds from a PLLA instead 
of a polycarbonate. 

Scaffold fabrication: 

[0100] 0.3 g of PLLA (Mw= 108,000) (Medisorb polymers, Alkermes, Inc., Cincinnati, OH ) was dissolved in 1 ,4-di- 
oxane/water (91/9 % v/v). The solution was fabricated into a scaffold as in Example 1 . 

SEM: 

[0101] The PLLA scaffold was compared with the poly(DTE carbonate) scaffold from example 1 . 
Results: 

[0102] From the SEM observation, the PLLA scaffold presents the same morphological characteristics as the poly 
(DTE carbonate) scaffold from example 1 (see results and discussion from examplel). 
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Example 7: Scaffold preparation from solutions with increasing amounts of water 

[0103] Studies were conducted using the method of this application to optimize the morphology of the porous scaf- 
folds by addition of increasing amounts of water in the polymer solution. 

5 

Scaffold fabrication: 

[0104] 0.3 g of the poly(DTE carbonate) from example 1 was dissolved in 3.3 ml 1 ,4-di-oxane/water (85/15 % v/v). 
The solution was fabricated into a scaffold as in Example 1 . 

w 

SEM: 

[0105] This scaffold was compared with the scaffold prepared in Example 1 
is Results: 

[0106] Water acts like a nucleating agent in the 1 ,4-dioxane crystallization process. Water increases the nucleation 
density in the initiation step of the crystallization of the solvent when the polymer solution is quenched in the liquid 
nitrogen. As the nucleation density increases, the size of the resulting crystals is always smaller. This could explain 

20 the finer microstructure observed between the largest pores when the proportion of water is increasing. The proportion 
in volume of the very small pores (mean diameter lower than 5 u.m) increases with the amount of water in the solution. 
[0107] Water is added to encourage the phase separation of the polymer solution under cooling. With increasing 
water amounts, the polymer solubility in the solvent is gradually reduced. When the solution is quenched, the L-L 
demixing of the polymer solution is induced earlier. More nuclei can be formed and can grow in the polymer matrix 

25 before the complete freezing of the system. Thus, much more round pores (resulting from the L-L demixing) are present 
in the final scaffolds. 

[0108] The presence of water in the solution also contributes to the dissolution of the NaCI salts on which the solution 
is cast. An evolution in the shape of the largest pores as the water proportion increases is observed. Apparently the 
NaCI salts have been eroded by the process. For this reason, we observe a significant increase in the interconnectivity 
30 between the largest pores as the water content increases in the solution. 

EXAMPLE 8 : In vivo cell growth into the scaffolds: 

[0109] The highly porous scaffolds were evaluated in an in vivo animal model. Thirty-two skeletally mature male New 

35 Zealand White rabbits had scaffolds implanted bilaterally in their calvaria (skull). 

[0110] Scaffolds were prepared as in example #2. After preparation, the scaffolds were dried under vacuum, sealed 
in sterilization pouches, and then placed in an Anprolene AN72C Automated Ventilated Sterilizer for sterilization by 
ethylene oxide exposure. After sterilization, the samples were allowed to equilibrate in ambient air for at least 2 weeks 
to ensure the removal of ethylene oxide. 

40 [01 1 1 ] For each surgery, the rabbits were prepared using full sterile technique. Two implants were implanted for each 
surgery. Each implant was placed into one of two 8mm diameter defects. 

[0112] The implanted scaffolds were 8 mm diameter by 2-3 mm thickness to correspond with rabbit calvaria dimen- 
sions. The scaffolds were not preseeded with cells. At 2,4,8, and 1 6 weeks, the scaffolds were harvested and analyzed 
histologically. At half the time point (eg 2 weeks for the 4 week time point), and prior to euthanization, the rabbits were 

45 injected with oxytetracycline which labels bone ingrowth. Samples were dehydrated in water/alcohol solutions of 70%, 
80%, 95%, and 100% ethanol, cleared with a histological clearing agent (Hemo-De from Fisher), and then fixed in a 
polymerizing solution of methyl methacrylate (Fisher) so that the sample was embedded in a solid block of polymeth- 
ylmethacrylate. The samples were cut horizontally and vertically to give a horizontal and vertical cross section. The 
sections were mounted, ground, and polished to 1 -3 cell layers in thickness. The samples were viewed under ultraviolet 

50 light and analyzed for ingrowth. The samples were then stained with Stevenel's blue and Van Geison's Picro-Fuschin. 
In such staining, bone was red, fibrous tissue was blue, and osteoid was green. For both stains, the sample was 
photographed for visual observation and image analysis. 

[0113] The depth of bone ingrowth was measured to reflect the effect of the highly porous scaffold architecture and 
compared to a previous study. The previous study provided data for scaffolds created without the 1 -1 0 micron pores. 
55 The older scaffolds were created from the same polymer, but were created using a different solvent with a leaching 
technique without a rapid cooling step. 

[0114] At the 3 to 4 week time point, a measurable difference appeared between the two sponge types. The highly 
porous scaffolds showed a greater amount of bone ingrowth. Additionally, the ordered alignment of the 1-10 micron 
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pores affected cellular alignment. Cells were observed to align in the pattern created by the pores. The cells also 
mineralized along the pattern as well. 

[0115] The highly porous scaffolds were superior to prior scaffolds in that they encouraged cell ingrowth and guided 
cell proliferation beyond what would expected for prior scaffold types. 

5 

Example 9: In vivo cell growth into scaffolds. A comparative study. 

[0116] In a comparative in vivo implantation study, using the rabbit skull defect model of Example 8, two different 
scaffold architectures were compared for their ability to support the growth of new bone into the scaffold. The two 
10 scaffold architectures were uniform in pore size (200-500 microns) versus a bimodal pore distribution as described in 
this invention. Although the scaffolds were identical in ail aspects other than the pore size distribution, the scaffolds 
with bimodal distributions had greater bone healing. 

[0117] The foregoing examples and description of the preferred embodiment should be taken as illustrating, rather 
than as limiting, the present invention as defined by the claims. As would readily be appreciated, numerous variations 
'5 and combinations of the features set forth above can be utilized without departing from the present invention as set 
forth in the claims. Such variations are not regarded as a departure from the scope of the invention, and all such 
variations are intended to be included within the scope of the following claims. 



20 Claims 

1 . A biodegradable and biocompatible porous scaffold characterized by a substantially continuous polymer phase 
having a highly interconnected bimodal distribution of open pore sizes comprising rounded large open pores of 50 
to 500 microns in diameter and small rounded pores less than 20 microns in size, wherein said small pores are 

25 aligned in an orderly linear fashion within the walls of the large pores. 

2. The scaffold of claim 1 , further characterized by: 

a porosity of greater than 90%; and/or 
30 - a specific pore surface area greater than 1 0 m 2 /g. 

3. The scaffold of claim 1 , characterized in that: 

said polymer is insoluble in water but soluble in a water-miscible solvent. 

35 

4. The scaffold of claim 3, further characterized in that: 

said polymer is selected from the group consisting of biocompatible and biodegradable polycarbonates, pol- 
yarylates, block copolymers of polycarbonates with poly(alkylene oxides), block copolymers of polyarylates 
40 with poly(alkylene oxides), a-hydroxycarboxylic acids, poly(capro-lactones), poly(hydroxybutyrates), polyan- 

hydrides, poly(ortho esters), polyesters, and bisphenol-A based poly(phosphoesters). 

5. The scaffold of claim 1 , characterized in that: 

45 - said polymer comprises an effective amount of a biologically active substance selected from osteoinductive 

substances, epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet derived growth factor 
(PDGF), Insulin-like growth factor (IGF-I and II), and TGF-p; and/or 
said polymer comprises an effective amount of a pharmaceutically active compound. 

so 6. The scaffold of claim 1 , further characterized by said scaffold comprising cells selected from the group consisting 
of hepatocytes, pancreatic Islet cells, fibroblasts chondrocytes, osteoblasts, exocrine cells, cells of intestinal origin, 
bile duct cells, parathyroid cells, thyroid cells, cells of the adrenal-hypothalamic-pituitary axis, heart muscle cells, 
kidney epithelial, cells, kidney tubular cells, kidney basement membrane cells, nerve cells, blood vessel cells, cells 
forming bone and cartilage, smooth muscle cells, skeletal muscle cells, ocular cells, integumentary cells, kerati- 

55 nocytes and stem cells other than human embryonic stem cells, and preferably said cells are cultured tissue cells. 

7. A method for the preparation of biodegradable and biocompatible porous polymer scaffolds characterized by: 
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dissolving from 0.5 to 25 weight % of a biocompatible polymer in a miscible solvent mixture of a first solvent 
in which said polymer is soluble and a second solvent in which said polymer is insoluble, wherein the ratio of 
said first solvent to said second solvent is in a range within which said polymer dissolves to form a homogenous 
solution, and the first solvent has a melting point between -40 and 20°C; 
5 placing said polymer solution into a form containing water-soluble non-toxic particles that are insoluble in 

organic solvents and have a' diameter between 50 and 500 microns; 

quenching said solution at a rate effective to result in crystallization of said first solvent before the onset of 
liquid-liquid demixing of said first and second solvent; 
sublimating said polymer to remove said first and second solvents; 
10 leaching said polymer with a solvent in which said particles are soluble and said polymer is insoluble to remove 

said particles from said polymer; and 
drying said polymer. 

8. The method of claim 7, characterized in that the ratio of said first solvent to said total solvent volume is between 
15 1%and40%v/v. 

9. The method of claim 7, characterized in that said first solvent is 1 ,4-dioxane and said second solvent is water 

10. The method of claim 7, characterized in that said polymer is selected from the group consisting of biocompatible 
20 and biodegradable polycarbonates, polyarylates, block copolymers of polycarbonates with poly(alkylene oxides), 

block copolymers of polyarylates with poly(alkylene oxides), a-hydroxycarboxylic acids, poly(capro-lactones), poly 
(hydroxybuty rates), pofyanhydrides, poly(ortho esters), polyesters and bisphenol-A based poly(phosphoesters). 

11. The method of claim 7, characterized in that: 

25 

said particles are selected from the group consisting of alkali metal and alkaline earth metal halides, phos- 
phates and sulfates, sugar crystals, water-soluble polymer microspheres and protein microspheres, and said 
particles are preferably sodium chloride crystals; and/or 

said quenching step comprises immersing said solution in liquid nitrogen; and/or 
30 - said polymer is leached with water 

12. The method of claim 7, characterized in that: 

said polymer comprises an effective amount of a biologically active substance selected from osteo-inductive 
35 substances, epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet derived growth factor 

(PGF), Insulin-like growth factor (IGF-I and II), and TGF-p; and/or 
said polymer comprises an effective amount of a pharmaceutical ly active compound. 



40 Patentansprtiche 

1. Biologisch abbaubares und biologisch vertragliches poroses Gerust, das durch eine im wesentlichen kontinuierli- 
che Polymerphase mit einer in hohem AusmaB miteinander verbundenen bimodalen Verteilung von GroBen offener 
poren gekennzeichnet ist, die gerundete groBe off ene Poren mit 50 bis 500 jim Durchmesser und kleine gerundete 

45 Poren mit weniger als 20 u,m in der GroBe umf assen, wobei die kleinen Poren in einer ordentlichen linearen Weise 

innerhalb der Wande der groBen Poren aufgereiht sind. 

2. Gerust nach Anspruch 1 , das ferner durch eine 

so „ Porositat groBer als 90 % und/oder 

► eine spezifische Porenoberflache groBer als 10 m 2 /g 

gekennzeichnet ist. 
55 3. Gerust nach Anspruch 1 , dadurch gekennzeichnet, daB 

► das Polymer in Wasser unloslich aber in einem mit Wasser mischbaren Losungsmittel loslich ist. 
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4. Gerust nach Anspruch 3, das ferner dadurch gekennzelchnet ist, das 

» das Polymer ausgewahlt ist aus der Gruppe bestehend aus biologisch vertraglichen und biologisch abbau- 
baren Polycarbonaten, Polyarylaten, Blockcopolymeren von Polycarbonaten mit Poly(alkylenoxiden), Block- 
copolymeren von Polyarylaten mit Poly(alkylenoxlden), cc-Hydrocarbonsauren, Poly(caprolactonen), Poly(hy- 
droxybutyraten), Polyanhydriden, Poly(orthoestern), Polyestern und auf Bisphenol-A basierenden Poly(phos- 
phoestern). 

5. Gerust nach Anspruch 1 , dadurch gekennzeichnet, daB 

p- das Polymer eine wirksame Menge einer biologisch wirksamen Substanz ausgewahlt aus osteo-indukti- 
ven Substanzen, epidermalem Wachstumsfaktor (EGF), Fibroblasten-Wachstumsfaktor (FGF), platelet de- 
rived growth factor (PTGF), insulinartigem Wachstumsfaktor (IGF-I und II) und TGF-p umfaBt und/oder 
„das Polymer eine wirksame Menge einer pharmazeutisch wirksamen Verbindung umfaftt. 



6. Gerust nach Anspruch 1 , femer dadurch gekennzeichnet, daB das Gerust Zellen ausgewahlt aus der Gruppe 
bestehend aus Hepatozyten, pankreatischen Inselzellen, Fibroblasten, Chondrozyten, Osteoblasten, exokrinen 
Zellen, Zellen intestinalen Ursprungs, Gallengangzellen, Nebenschilddrusenzellen, Schilddrusenzellen, Zellen der 
Nebennieren-Hypothalamus-Hypophysen-Achse, Herzmuskelzellen, Nierenepithelzellen, Nierentubuluszellen, 
20 Nierenbasalmembranzellen, Nervenzellen, BlutgefaBzellen, Zellen, die Knochen und Knorpel bilden, glatte Mus- 

kelzellen, Skelettmuskelzellen, Augenzellen, Integumentzellen, Keratinozyten und von menschlichen, embryona- 
len Stammzellen verschiedenen Stammzellen umfaBt, und vorzugsweise sind diese Zellen kultivierte Gewebezel- 
len. 

25 7. Verfahren zur Herstellung von biologisch abbaubaren und biologisch vertraglichen porosen Polymergerusten, das 
durch 

Auflosen von 0,5 bis 25 Gew.-% eines biologisch vertraglichen Polymers in einer mischbaren Losungsmittelmi- 
schung aus einem ersten Losungsmittel, in dem das Polymer loslich ist, und einem zweiten Losungsmittel, in dem 
das Polymer unloslich ist; wobei das Verhaltnis des ersten Losungsmittels zu dem zweiten Losungsmittel in einem 
30 Bereich liegt, in dem das Polymer sich unter Bildung einer homogenen Losung lost, wobei das erste Losungsmittel 

einen Schmelzpunkt zwischen -40 und 20°C aufweist, 

Anordnen der Polymerlosung in einer Form, die wasserlosliche nichttoxische Teilchen enthalt, die in organischen 
Losungsmitteln unloslich sind und einen Durchmesser zwischen 50 und 500 urn aufweisen, 
Abschrecken der Losung mit einer Rate, die wirksam ist, zur Kristallisation des ersten Losungsmittels zu fuhren, 
35 bevor die flussig-flussig-Entmischung des ersten und des zweiten Losungsmittels eintritt, 

Sublimieren des Polymers zur Entfernung der ersten und zweiten Losungsmittel, 

Auslaugen des Polymers mit einem Losungsmittel, in dem die Teilchen loslich sind und das Polymer unloslich ist, 
urn die Teilchen aus dem Polymer zu entfernen, und 
Trocknen des Polymers 
40 gekennzeichnet ist. 

8. Verfahren nach Anspruch 7, dadurch gekennzeichnet, daB das Verhaltnis des ersten Losungsmittels zu dem 
gesamten Losungsmittelvolumen zwischen 1% und 40% VolumenAVolumen liegt. 

45 9. Verfahren nach Anspruch 7, dadurch gekennzeichnet, daB das erste Losungsmittel 1 ,4-Dioxan ist und das zweite 
Losungsmittel Wasser ist. 

10. Verfahren nach Anspruch 7, dadurch gekennzeichnet, daB das Polymer ausgewahlt ist aus der Gruppe beste- 
hend aus biologisch vertraglichen und biologisch abbaubaren Polycarbonaten, Polyarylaten, Blockcopolymeren 
so von Polycarbonaten mit Poly(alkylenoxiden), Blockcopolymeren von Polyarylaten mit Poly(alkylenoxiden), oc-Hy- 

droxycarbonsauren, Poly(caprolactonen), Poly(hydroxybutyraten), Polyanhydriden, Poly(orthoestern), Polyestern 
und auf Bisphenol-A basierenden Poly(phosphoestern). 



11. Verfahren nach Anspruch 7, dadurch gekennzeichnet, daB 

►die Teilchen ausgewahlt sind aus der Gruppe bestehend aus Alkalimetall- und Erdalkalimetallhalogeniden, 
-phosphaten und -sulfaten, Zuckerkristallen, in Wasser loslichen Polymermikrokugelchen und Proteinmikro- 
kiigelchen, wobei die Teilchen vorzugsweise Natriumchloridkrtstalle sind, und/oder 
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► das Abschrecken ein Eintauchen der Losung in flussigen Stickstoff umfaBt, und/oder 

► das Polymer mit Wasser ausgelaugt wird. 

12. Verfahren nach Anspruch 7, dadurch gekennzeichnet, daB 

das Polymer eine wirksame Menge einer biologlsch wirksamen Substanz ausgewahlt aus osteo-induktiven 
Substanzen, epidermalem Wachstumsfaktor (EGF), Rbroblasten-Wachstumsfaktor(FGF), platelet-derived 
growth factor (PGF), insulinartigem Wachstumsfaktor (IGF-I und II) und TGF-p und/oder 

► das Polymer eine wirksame Menge einer pharmazeutisch wirksamen Verbindung umfaBt. 



Revendications 

1 . Un echafaudage biodegradable, biocompatible caracterlse par une phase polymere sensiblement continue ayant 
'5 une distribution bimodale hautement interconnectee de tailles de pores ouverts comprenant des pores ouverts 

larges et arrondis de diametre compris entre 50 et 500 microns et des pores arrondis petits de dimension inferieure 
a 20 microns, lesdits petits pores etant alignes d'une facon lineaire et ordonnee a I'interieur des parois des pores 
larges. 

20 2. L' echafaudage de la revendication 1 , caracterlse en outre par : 

une porosite superieure a 90% ; et /ou 

une surface specif ique de pore superieure a 1 0 m 2 /g. 

25 3. L'echafaudage de la revendication 1 , caracterlse en ce que : 

ledit polymere est insoluble dans I'eau mais soluble dans un solvant miscible a I'eau. 

4. L'echafaudage de la revendication 3, caracterlse en outre par : 

30 

ledit polymere est choisi dans le groupe constitue par des polycarbonates, polyarylates, des copolymeres en 
bloc de polycarbonate avec des poly(alkylene oxydes), des copolymeres en bloc de polyarylates avec des 
poly(alkylene oxydes), des acides oc-hydroxydes carboxyliques, des poly(capro-lactones), des poly(hydroxy- 
buty rates), des polyanhydrides, des poly(-orthoesters), des polyesters, et des poly(phosphoresters) de bis- 
35 phenol-A, biocompatibles et biodegradables. 

5. L'echaudage de la revendication 1 caracterlse en ce que : 

ledit polymere comprend une quantite effective de substances biologiquement actives choisies parmi les subs- 
40 tances osteoinductives, le facteur de croissance epidermique (EGF), le facteur de croissance des fibroblastes 

(FGF), le facteur de croissance derive des plaquettes (PDGF), le facteur de croissance analogue a Pinsuline 
(IGF-I ET II) et TGF-p ; et/ou 

ledit polymere comprend une quantite effective d'un compose pharmaceutiquement actif . 

45 6. L'echafaudage de la revendication 1 , caracterlse en outre en ce que ledit echafaudage comprend des cellules 
choisies dans le groupe constitue par les hepatocytes, les cellules pancreatiques d'lslet, les fibroblastes chondro- 
cytes, les osteoblastes, les cellules exocrine, les cellules d'origine intestinale, les cellules du conduit biliaire, les 
cellules parathyroide, les cellules thyroide, les cellules de I'axe adrenal- hypotalamique-pituitai re, les cellules du 
muscle cardiaque, les cellules de I'epithelial kidney, les cellules tubulaires kidney, les cellules de la membrane de 

50 base kidney, les cellules nerveuses, les cellules de vaisseaux sanguins, les cellules formant I'os et le cartilage, 

les cellules de muscle lisse, les cellules des muscles du squelette, les cellules oculaires, les cellules integumen- 
taires, les k6ratinocytes, et des cellules de souche autres que des cellules de souche humaine embryonique, et 
de preference lesdites cellules sont des cellules de tissus de culture. 

55 7. Une methode pour la preparation d'echafaudages en polymere poreux biodegradable et biocompatible, caracte- 
risee par : 

la dissolution de 0,5 a 25% en poids d'un polymere biocompatible dans un melange de solvant miscible d'un 
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premier solvant dans lequel ledit polymere est soluble et un second solvant dans lequel ledit polymere est 
insoluble, le rapport dudit premier solvant sur ledit second solvant etant situe dans un intervaile dans lequel 
ledit polymere se dissout pour former une solution homogene, et le premier solvant a un point de fusion compris 
entre - 40 et 20°C; 

5 - la disposition de ladite solution de polymere sous une forme contenant des particules non toxiques non solu- 

bles dans Peau qui sont insolubles dans les solvants organiques et ont un diametre compris entre 50 et 500 
microns ; 

le refroidissement de cette solution a un degre suffisant pour obtenir la cristallisation par evaporation dudit 
io premier solvant avant la demixtion liquide-liquide dudit premier et second solvant ; 

la sublimation dudit polymere pour eliminer lesdits premier et second solvants ; 

la filtration dudit polymere par un solvant dans lequel lesdites particules sont solubles et ledit polymere est 
insoluble pour eliminer lesdites particules dudit polymere ; 
le sechage dudit polymere. 

15 

8. La methode de la revendication 7, caracterlsee en ce que le rapport dudit premier solvant sur le volume total de 
solvant est compris entre 1 % et 40 % en volume. 

9. La methode de la revendication 7, caracterlsee en ce que ledit premier solvant est du 1 ,4-dioxane et ledit second 
20 solvant est de Teau. 

10. La methode de la revendication 7, caracterlsee en ce que ledit polymere est choisi dans le groupe constitue par 
des polycarbonates, polyarylates, des copolymeres en bloc de polycarbonate avec des poly(alkylene oxydes), des 
copolymeres en bloc de polyarylates avec des poly(alkylene oxydes), des acides a-hydroxydes carboxyliques, 

25 des poly(capro-lactones), des poly(hydroxybuty rates), des polyanhydrides, des poly(-orthoesters), des polyesters, 

et des poly(phosphoresters) de bisphenol-A, biocompatibles et biodegradables. 

11. La methode de la revendication 7, caracterlsee en ce que : 

30 - lesdites particules sont choisies dans le groupe constitue par les halogenures, les phosphates et sulfates de 

metaux alcalins et alcalino-terreux, les cristaux de sucre, les microspheres de polymere soluble dans I'eau et 
les microspheres de proteines et lesdites particules sont de preference des cristaux de chlorure de sodium ; 
et/ou 

ladite etape de refroidissement comprenant Pimmersion de ladite solution dans de Pazote liquide ; et / ou 
35 - ledit polymere est filtrd avec de Peau. 

12. La methode de la revendication 7, caracterlsee en ce que : 

ledit polymere comprend une quantite effective de substances biologiquement active choisi parmi les subs- 
40 tances osteoinductives, le facteur de croissance epidermique (EGF), lefacteur de croissance des fibroblastes 

(FGF), le facteur de croissance d6rive des plaquettes (PDGF), le facteur de croissance analogue a Pinsuline 
(IGF-I ET II) etTGF-p; et/ou 

ledit polymere comprend une quantite effective d'un compose pharmaceutiquement actif. 
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